Changes in neutral sugar, uronic acid, and protein content of tomato (Lycoperskon esculentum Mil) ceH wais during ripening were characterized. The only components to decline in amount were galactose, arabinose, and galacturonic acid. Isolated cel waDls of ripening fruit contained a water-soluble polyuronide, possibly a product of in vivo polygalacturonase action. This polyuronide and the one obtained by incubating walls from mature green fruit with tomato polygalacturonase contained relatively much less neutral sugar than did intact cel waUls. The ripening-related decline in galactose and arabinose content appeared to be separate from polyuronide solubilization. In the rn mutant, the postharvest loss of these neutral sugars occurred in the absence of polygalacturonase and polyuronide solubilization. The enzyme(s) responsible for the removal of galactose and arabinose was not identified; a tomato cell wall polysaccharide containing galactose and arabinose (6:1) was not hydrolyzed by tomato /8-galactosidase.
The economic consequences of postharvest fruit softening have stimulated considerable research into this problem. The parenchymatous fruit cell wall has been the primary focal point of this effort. In addition to its obvious involvement in textural changes, cell wall metabolism has also recently been implicated in the regulation of the over-all ripening process (10, 13) . The details of the wall modifications which accompany ripening remain unclear. An increase in soluble polyuronide has been well documented for a number of fruits (4, 6, 1 1) and is generally attributed to hydrolysis of insoluble pectic polysaccharides by PG.3 Various observations suggest that wall changes other than PG-catalyzed pectin solubilization are involved in softening. For example, the initial softening of tomato fruits is not well correlated with the increase in PG activity (1) and ripening apples undergo extensive softening in the absence of detectable endo-PG (6) . The hydrolysis of neutral sugar polymers could weaken the complex network of polysaccharides which comprises the cell wall and thereby contribute directly to a loss of fruit firmness. In addition, the modification of neutral sugar side chains may affect the activity of PG against polyuronide main chains. Relatively specific declines in cell wall galactose have been reported for ripening apples (6) , strawberries (7) , and tomatoes (15) . Knee (6) has suggested that apple softening is the result of two sequential cell wall modifications-a loss of galactan and an increase in soluble polyuronide.
'Supported in part by U described (15) . Cell Wall Analysis. The monosaccharide components of noncellulosic polysaccharides were determined by GLC separation of alditol acetate derivatives of wall monomers. The methods of hydrolysis and derivative formation were essentially those ofJones and Albersheim (5). Cellulose content was estimated using a method similar to that described by Updegraff (14) . Cell wall protein was estimated from total N, which was determined using a Technicon Autoanalyzer with manual digestion (Industrial Method No. 103-70A). These analyses of neutral sugar, uronic acid, and protein content consistently accounted for 90 to 95% of the isolated cell wall material.
The isolated cell walls contained a fraction which was readily soluble in water. For example, 25 to 303% of the galacturonic acid present in walls of red fruits was water-soluble. WSP was extracted by incubating cell walls in double-distilled H20 (5 mg/ml) for 4 hr at 30 C with constant shaking. ESP was obtained by incubating cell walls from mature green fruits with wall-degrading enzyme from red fruits (15) . The WSP and ESP were separated from remaining wall components by filtration and analyzed as described above or by using the anthrone (12) and carbazole (3) tests for GROSS AND WALLNER neutral hexoses and uronic acids. All experiments were repeated at least two times.
RESULTS

Changes in Cell Wall
Composition. Components of the pectic polysaccharides (arabinose, galactose, rhamnose, galacturonic acid) comprised approximately 60% of the pericarp cell wall of mature green tomatoes (Table I and Fig. 1 ). The loss of wall components during ripening appeared to be restricted to this fraction. The content of xylose, noncellulosic glucose, mannose, cellulose, and protein remained the same or showed an apparent increase as fruits ripened (Table I) . Galactose, arabinose, and galacturonic acid decreased in amount by 58, 44, and 18%, respectively, during ripening (Fig. 1 ). The only wall component which showed a statistically significant decline by the turning stage of ripeness was galactose. Galacturonic acid content declined considerably less than that of galactose between the pink and red stages of ripeness.
Polyuronide Solubilization. WSP remained associated with the cell wall during the 20 mm phosphate extraction step of the isolation procedure. The amount of WSP present in tomato fruit cell walls increased with ripening and was accompanied by an increase in PG activity (Fig. 2 ). Since this WSP may have been a product of endogenous PG action, we compared it to the ESP obtained by incubating cell walls from mature green fruits with an enzyme extract from red tomatoes; PG is the only known walldegrading enzyme in this preparation (15) . The ESP, WSP, and cell walls from which they were obtained were compared on the basis of galacturonic acid:rhamnose and galacturonic acid:neutral hexose ratios. The results (Table II) indicate that both fractions (ESP and WSP) were derived from a portion of the wall which was relatively much higher in galacturonic acid content than the total cell wall.
Gel filtration chromatography revealed that the mol wt of the WSP exceeded 20,000 since it was entirely excluded from Bio-Gel P-I0 (Fig. 3) . Some of the ESP was also excluded from Bio-Gel P-10, but PG treatment of cell walls produced a range of smaller mol wt polyuronides as well.
Wail Changes in Nonripening Mutant nin. Since PG activity is lacking in the rin mutant (2), it was felt that comparative analyses of rin cell walls may help elucidate relationships between PGcatalyzed changes and the decrease in galactose and arabinose shown in Figure 1 .
The rin fruits used in this study produced no more than trace 1 Galacturonic acid content of the rin walls did not decrease during the 6-week postharvest period; rhamnose also remained constant (Fig. 4) . However, rin walls showed a striking decline in galactose and arabinose; after 2 weeks at 20 C, galactose and arabinose content decreased by 71 
DISCUSSION
The only cell wall change which has been clearly related to fruit softening is the hydrolysis ofa-1,4-galacturonosyl linkages by PG. Considering the structural complexity of the wall, it seems likely that other modifications may lead to softening, either directly or by influencing the activity of PG. We have shown that in senescing tomato fruits: (a) the loss of galactose and arabinose is separate from and independent of polyuronide solubilization; (b) PG acts upon and releases polyuronide from a part of the wall which contains relatively few neutral sugar residues; (c) tomato fl-galactosidase is not responsible for the loss of galactose and arabinose.
That the loss of galactose and arabinose is separate from polyuronide solubilization is evident in a comparison of the data for Heinz 1370 and the rin mutant. Both processes occur during the ripening of Heinz 1370 (Figs. 1 and 2 ) while in rin the postharvest decline in the neutral sugars (Fig. 4) takes place in the absence of PG and polyuronide solubilization. The decline in galactose and arabinose content may be similar to the "special kind of turnover" described by Labavitch and Ray (9) Bio-Gel P-10 chromatography of products obtained by incubating cell walls from mature green tomato (cv. H 1370) fruits with tomato PG (ESP) and by incubating cell walls from red fruits in double-distilled H20 (WSP). One-ml samples were applied to the column (1.3 x 45 cm) and eluted with double-distilled H20. The flow rate was 9.6 ml/hr; 1.0-ml fractions were collected. Fractions were analyzed using the carbazole procedure (3) removal of neutral sugars from an acidic heteropolysaccharide without degradation of its polygalacturonic acid chains. Although galactose and arabinose may occur in the same tomato wall polysaccharide, the changes shown in Figure 1 suggest the existence of a separate galactan.
The changes in normal ripening tomatoes are similar to the two-stage pattern of wall modification in softening apples (6) . In apples a decrease in wall galactan precedes or accompanies the increase in soluble polyuronide. Apples ripening on and off the tree both show the decline in wall galactose, but polyuronide solubilization is restricted in the attached fruit; Knee (6) found that softening is most directly related to the increase in soluble polyuronide.
Tomato PG appears to act on a polymer which is very high in galacturonic acid, ie. a rhamnogalacturonan which is not as extensively side-branched as others in the wall complex. This is suggested by the fact that the galacturonic acid:neutral hexose ratio of the ESP is three times greater than that of the cell wall itself (Table II) . This agrees with our previous report (15) that during polyuronide solubilization, tomato PG does not significantly reduce neutral sugar content of isolated walls. The higher galacturonic acid:rhamnose ratio of the ESP indicates that rhamnose residues occur less frequently in the PG substrate than in other rhamnogalacturonan regions. These observations are consistent with Knee's model (6) of apple cell wall structure in which the solubilized polyuronide is derived from a pectic polysaccharide of relatively low neutral sugar content. The WSP in isolated tomato cell walls is probably a product of PG action. Although it is most likely that WSP is a residual product of in vivo enzyme action, some PG could conceivably retain activity during wall extraction and release WSP during the 4-hr H20 wash. The contention that PG releases WSP is supported by the similarities in ESP and WSP (Table II) . PG produces a range of lower mol wt products during the degradation of isolated cell walls (Fig. 3) . The enzyme may release these same low mol wt products in vivo, but they would be solubilized before or during the wall isolation procedure, thus accounting for the observation that all WSP was excluded from Bio-Gel P-10 (Fig. 3) . The fact that some of the in vitro product (ESP) was also excluded from Bio-Gel P-10 indicates that PG initially releases larger mol wt products. It is these which in some way remain associated with wall material during isolation and comprise the WSP. The presence of in vivo enzyme product (WSP) affords an explanation for what is a relatively small decrease (18%) in galacturonic acid content during ripening (Fig.  1) . The in vivo released, large mol wt polyuronide would be included in the determination since isolated cell walls were not H20-washed prior to analysis. Thus the amount of WSP may reflect in vivo PG action more accurately than galacturonic acid content.
GROSS AN]
Although it seems clear that polyuronide solubilization is due to PG, the removal of galactan cannot be attributed to a specific wall hydrolase. Pericarp extracts containing PG and ,B-galactosidase attack isolated cell walls but have little effect on their galactose content (15) . The tomato f8-galactosidase-containing preparation does not release reducing groups from the galactose-rich polysaccharide(s) obtained from tomato cell walls by NaOH extraction. The mechanism of the decline in galactose (and arabinose) content remains to be elucidated.
The direct effect of the decline in wall galactan on fruit firmness is probably minor. The initial softening of normal tissue (prior to polyuronide solubilization) is limited and fruits of the rin mutant soften only slightly. It is possible that a galactan or arabinogalactan could regulate PG activity by restricting access to the enzyme substrate within the complex of wall polysaccharides. The site of PG action seems to be galacturonic acid polymers which contain relatively few neutral sugar residues. The decrease in galactose (and arabinose) content can occur without polyuronide solubilization (Fig. 4 and ref. 6 ) but polyuronide solubilization without the loss of these neutral sugars has not been demonstrated.
